Esposito D, Kizelsztein P, Komarnytsky S, Raskin I. Hypoglycemic effects of brassinosteroid in diet-induced obese mice. Am J Physiol Endocrinol Metab 303: E652-E658, 2012. First published July 11, 2012; doi:10.1152/ajpendo.00024.2012.-The prevalence of obesity is increasing globally, and obesity is a major risk factor for metabolic diseases such as type 2 diabetes. Previously, we reported that oral administration of homobrassinolide (HB) to healthy rats triggered a selective anabolic response that was associated with lower blood glucose. Therefore, the aim of this study was to evaluate the effects of HB administration on glucose metabolism, insulin sensitivity, body composition, and gluconeogenic gene expression profiles in liver of C57BL/6J high-fat diet-induced obese mice. Acute oral administration of 50 -300 mg/kg HB to obese mice resulted in a dose-dependent decrease in fasting blood glucose within 3 h of treatment. Daily chronic administration of HB (50 mg/kg for 8 wk) ameliorated hyperglycemia and improved oral glucose tolerance associated with obesity without significantly affecting body weight or body composition. These changes were accompanied by lower expression of two key gluconeogenic enzymes, phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G-6-Pase), and increased phosphorylation of AMP-activated protein kinase in the liver and muscle tissue. In vitro, HB treatment (1-15 M) inhibited cyclic AMP-stimulated but not dexamethasone-stimulated upregulation of PEPCK and G-6-Pase mRNA levels in H4IIE rat hepatoma cells. Among a series of brassinosteroid analogs related to HB, only homocastasterone decreased glucose production in cell culture significantly. These results indicate the antidiabetic effects of brassinosteroids and begin to elucidate their putative cellular targets both in vitro and in vivo.
homobrassinolide; glucose; insulin resistance; diabetes; phosphoenolpyruvate carboxykinase BRASSINOSTEROIDS are plant-specific polyhydroxylated derivatives of 5␣-cholestane, structurally similar to cholesterol-derived animal steroid hormones and ecdysteroids from insects. They are found at low levels in pollen, seeds, leaves, and young vegetative tissues throughout the plant kingdom (2) . The first biologically active plant brassinosteroid was isolated from the pollen of rapeseed Brassica napus in 1979 (16) . The natural occurrence of more than 50 compounds of this group has been reported following the initial discovery (13) . Similar to animal steroid hormones (24) , brassinosteroids regulate the expression of specific plant genes and complex physiological responses involved in growth (9) partly via interactions with other hormones setting the frame for brassinosteroid responses (28) . Brassinosteroid signaling in plants resembles the Wnt pathway and is mediated by GSK-3-like kinase (18) . Moreover, application of brassinosteroids increased sugar and starch content in plants (35) , whereas a brassinosteroid-deficient Arabidopsis mutant had an impaired carbohydrate metabolism (32) .
Very little is known about effects of brassinosteroids in animals. Natural brassinosteroids inhibited growth of several human cancer cell lines without affecting the growth of normal cells (25) . A synthetic brassinosteroid analog prevented HSV-1 multiplication and viral spreading in a human conjunctival cell line with no cytotoxicity and reduced the incidence of herpetic stromal keratitis in mice when administered topically (27) , possibly by the modulation of the response of epithelial and immune cells to HSV-1 infection (26) . 24-Epibrassinolide, the most widely used brassinosteroid in agriculture, has a favorable safety profile. The median lethal dose (LD 50 ) of this compound is Ͼ1,000 mg/kg in mice and Ͼ2,000 mg/kg in rats when applied orally or subcutaneously (22) .
In our previous study, we observed that oral administration of homobrassinolide (HB; Fig. 1A ) to healthy rats triggered a selective anabolic response that was associated with lower blood glucose (11) . Since another plant ecdysteroid, 20-hydroxyecdysone (20HE), was shown to decrease weight and hypeglycemia in obese mice (21), we sought to explore the effects of HB on glucose metabolism and insulin resistance in the high-fat diet-induced obese C57BL/6J mouse model. These mice were selectively bred for divergent body fat mass and thus model complex polygenic human obesity (7).
MATERIALS AND METHODS
Reagents. HB [(22S,23S,24S)-2a,3a,22,23-tetrahydroxy-24 ethyl-bhomo-7-oxo-5a-cholestane-6-one; Fig. 1A ] was purchased from Waterstone Technology (Carmel, IN), and its structure was confirmed by electrospray ionization/liquid chromatography-mass spectrometry and NMR. Brassinosteroid analogs 2-9 ( Fig. 1B) , including homocastasterone (22S,23S,24S)-2a,3a,22,23-tetrahydroxy-24-ethyl-5a-cholestan-6-one (2), (22S,23S,24R)-3a-fluoro-22,23-dihydroxy-24-ethyl-b-homo-7-oxa-5a-cholestan-6-one (3), (22S,23S,24S)-3a-fluoro-22,23-dihydroxy-24-ethyl-5␣-cholestan-6-one (4), (22S,23S,24S)-2␣,3␣,22,23-tetrahydroxy-24-ethyl-bhomo-7-aza-5␣-cholestan-6-one (5), (22S,23S,24S)-2␣,3␣,22,23-tetrahydroxy-24-ethyl-b-homo-6-aza-5␣-cholestan-7-one (6), (22R,23R, 24S)-2␣,3␣,22,23-tetrahydroxy-b-homo-7-oxa-5␣-cholestan-6-one (7),(22S,23S,24R)-2␣,3␣,22,23-tetrahydroxy-24-methyl-b-homo-7-oxa-5␣-cholestan-6-one (8) , and (22R,23R,24R)-2␣,3␣,22,23-tetrahydroxy-24-methyl-b-homo-7-oxa-5␣-cholestan-6-one (9), were synthesized or purchased previously (12) and are shown in Fig. 1B . All other chemicals and cell culture media were obtained from Sigma (St. Louis, MO) or Invitrogen (Carlsbad, CA) unless specified otherwise.
Animal studies. All animal experiments were performed according to procedures approved by the Rutgers Institutional Animal Care and Use Committee in an American Association for Accreditation of Laboratory Animal Care-accredited animal care facility. Six-week-old male C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME) and maintained on a high-fat diet (HFD) containing 60% fat-derived calories (D12492; Research Diets) with 12:12-h light-dark cycles for additional 4 wk. Then animals were further randomized into two groups and fed HFD for an additional 6 wk. At this time, the control group (n ϭ 8) was gavaged daily with a vehicle solution alone (5% DMSO in corn oil), whereas a treatment group (n ϭ 8) received 50 mg/kg body wt of HB for another 8 wk. The body weight of each animal and the total amount of food consumed (accounted for spillage) were recorded every week for the duration of the brassinosteroid supplementation.
Fasted plasma glucose concentrations were measured immediately prior to gavage and 3 h postgavage at weeks 1 and 8 of the brassinosteroid supplementation in submandibular vein blood samples using a glucometer (Lifescan; Johnson & Johnson). Blood samples were collected in EDTA-coated tubes and centrifuged for 20 min at 1,500 g, and separated plasma was stored at Ϫ80°C until analysis. Plasma concentrations of insulin were determined by rat/mouse insulin ELISA kit (Millipore, Billerica, MA). Plasma and tissue triglycerides and total cholesterol were measured by enzymatic colorimetric assays (Wako Diagnostics, Richmond, VA).
To perform the glucose tolerance test at week 8 of the brassinosteroid supplementation, mice were fasted overnight (16 h) and gavaged orally with 2 g/kg glucose solution. Plasma glucose levels were measured immediately before and 30, 60, and 120 min after the glucose challenge.
At the end of experiment, blood was collected by heart puncture after CO 2 inhalation, and animal body composition was assessed prior to necropsy using dual-energy X-ray absorptiometry (DEXA) analysis on PIXImus equipment (Lunar, Madison, WI). At necropsy, tissue weights were recorded, and then tissue samples were collected by snap-freezing in the liquid nitrogen and stored at Ϫ80°C for further studies.
Western blot analysis. Whole cell extracts were prepared from liver or gastrocnemius muscle samples in ice-cold RIPA buffer supplemented with 10 mM sodium floride, 2 mM sodium orthovanadate, 1 mM PMSF, and protease inhibitor cocktail (Sigma) and centrifuged for 20 min at 12,000 g at 4°C. Equal amounts of protein (50 g) from the supernatants were separated on 10% SDS polyacrylamide gels and blotted onto the nitrocellulose membrane. Western blot detection was performed with monoclonal antibodies for phosphorylated (phospho) AMP-activated protein kinase (AMPK) and AMPK (Cell Signaling Technology, Danvers, MA), phospho-insulin receptor substrate-1 (IRS-1) (Ser 636 /Ser 639 ) and IRS-1, phosphatidylinositol 3-kinase (PI3K), phospho-Akt1 and (Ser 473 ) and Akt1 (EMD Millipore, Bedford, MA), phospho-Akt2 (Ser 474 ) and Akt2 (Bioworlde Technologies, St. Paul, MN), and ␤-actin (Santa Cruz Biotechnology, Santa Cruz, CA) as a loading control according to the manufacturer's instructions. After being washed, the blots were incubated with an anti-rabbit peroxidase-labeled secondary antibody and visualized using ECL Western Blotting Detection Reagent (GE Healthcare, Piscataway, NJ).
Cell culture and qPCR. The H4IIE hepatoma cells were cultured in 24-well tissue culture plates (Greiner Bio One, Monroe, NC) and grown to near confluence in Dulbecco's modified Eagle's medium containing 2.5% (vol/vol) fetal bovine serum and 2.5% (vol/vol) horse serum. When appropriate, cells were treated with 500 nM dexamethasone and/or 0.1 mM 8-CTP-cAMP (Dex-cAMP) for 8 h to induce phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G-6-Pase) gene expression together with different concentrations of brassinosteroid or 10 nM insulin as a positive control. Three wells were allocated for each treatment, including the negative control (vehicle alone). Total RNA extraction, cDNA synthesis, and quantitative PCR were performed essentially as described earlier (15) .
Glucose production assay. H4IIE rat hepatoma cells were serum starved overnight in the glucose production buffer (glucose-free Dulbecco's modified essential medium, pH 7.4, containing 20 mM sodium lactate and 2 mM sodium pyruvate without phenol red) and treated for 8 h with Dex-cAMP in the presence or absence of 10 nM insulin or different concentrations of brassinosteroid for 8 h. At the end of the incubation, 0.5 ml of medium was taken to measure the glucose concentration in the culture medium using the Amplex Red glucose assay kit (Invitrogen). Corrections for cell number were made on the basis of the protein concentration measured using the BCA protein assay kit (Pierce Biotechnology, Rockford, IL).
Statistics. Statistical analyses were performed using Prism 4.0 (GraphPad Software, San Diego, CA) and expressed as means Ϯ SE. Unless otherwise noted, two-tailed t-test or one-way ANOVA (as appropriate) was applied, and P Ͻ 0.05 was considered significant. Post hoc analyses of differences between individual experimental groups were made using the Dunnett's multiple comparison test. Body weight gain and glucose Fig. 2 . Acute lowering effect of HB on plasma glucose in C57BL/6J mice 3 h after administration of 50, 100, or 300 mg/kg HB (n ϭ 8). Metformin at 300 mg/kg was used as a positive control. Values are means Ϯ SE. *P Ͻ 0.05 and **P Ͻ 0.01 when compared with control by 1-way ANOVA followed by Dunnett's post hoc test. tolerance were analyzed by two-factor repeated-measures ANOVA, with time and treatment as independent variables.
RESULTS
HB decreases fasting blood glucose. Obesity was induced by feeding a HFD to C57BL/6J mice for 4 wk before the animals were randomized into the control and treatment groups. Mice were maintained on HFD for an additional 6 wk prior to brassinosteroid supplementation. At the beginning of the treatment (after 10 wk on HFD), all animals had similar weight (33.2 Ϯ 0.9 g) and developed hyperglycemia (204 Ϯ 11 mg/dl fasting blood glucose). HB showed moderate efficacy at lowering blood glucose levels in C57BL/6J mice following the acute single-dose treatment (Fig. 2) . The effect was dose dependent in the range of 50 to 300 mg/kg body wt and reached one-half of that observed for metformin (a standard reference drug used at the highest dose of 300 mg/kg) 3 h after oral administration.
HB improves insulin sensitivity without affecting body weight. To test the chronic effect of HB in the in vivo diabetes model, C57BL/6J mice were kept on the HFD for another 8 wk. During this time, the treatment group received an oral gavage of 50 mg/kg HB daily, whereas control animals were gavaged with vehicle alone. The final body weights did not differ between two groups (Table 1) ; no changes in food intake (not shown) or body weight gain have also been noted (Fig. 3A) . DEXA analysis confirmed these findings by showing no significant changes in either body composition (lean or fat mass) or bone mineral content. The baseline blood glucose levels continued to rise for the duration of the treatment and were not significantly different between either group at the end of the treatment (229 Ϯ 17 mg/dl). However, animals administered with 50 mg/kg HB exhibited lower blood glucose levels following an acute treatment with HB several days before the end of the study (Fig. 3B) . Moreover, an oral glucose tolerance test performed at the end of the study revealed significantly increased insulin sensitivity in HB-treated animals. Whereas blood glucose levels peaked similarly in both groups 30 min following an oral glucose challenge, they were significantly lower at 60 and 120 min after administration of HB to treated animals relative to the control group (Fig. 3C) . The total area under the curve decreased by an average of 18% by treating mice with HB.
HB inhibits liver gluconeogenesis in obese mice. Glucose homeostasis requires a precise balance between glucose production and utilization. Both acute and chronic effects of HB administration on blood glucose levels could be explained partially by reduced gluconeogenesis in liver tissue of these animals. To test this hypothesis, we evaluated mRNA expression levels for two key gluconeogenic enzymes, PEPCK and G-6-Pase, which are regulated on the transcriptional level. PEPCK is highly expressed in the liver, where it is adaptively regulated by a variety of different hormones and other agents in a manner that parallels gluconeogenic flux (17) . G-6-Pase is expressed mainly in the liver and in the kidney cortex, most particularly in the starved and diabetic states (30) . In animals treated with HB, the mRNA levels were reduced significantly for PEPCK and G-6-Pase two-and threefold, respectively (Fig. 4A) . Additionally, Western blot analysis of liver tissue of these animals revealed an increased phosphorylation of AMPK (Fig. 4B) , a key regulator of cellular energy homeostasis and suppressor of gluconeogenesis (5) . A smaller increase in AMPK phosphorylation was also evident in the muscle tissue of the HB animals (Fig. 4C) .
Next, we analyzed the status of the insulin-signaling pathways in liver and muscle tissues of control and HB animals. We observed a significant increase in Akt1 and Akt2 phosphorylation in the liver and a significant increase in IRS-1 and Akt1 phosphorylation in the muscle as well as an increase in total PI3K in muscle tissue. Taken together, these data suggest that HB supplementation resulted in activation of the insulin- Results are expressed as means Ϯ SE. HB, homobrassinolide. Mice were fed high-fat diet and gavaged daily with 50 mg/kg body wt HB for 8 wk (n ϭ 8). Body composition was measured by dual-energy X-ray absorptiometry. Fig. 3 . Chronic insulin-sensitizing effect of HB on body weight gain (A), fasting blood glucose (B), and oral glucose tolerance test (C) in the C57BL/6J mice. Six-week-old male mice were fed a high-fat diet for 6 wk and kept on the same diet for additional 8 wk combined with daily gavage with vehicle or 50 mg/kg HB. B: fasting blood glucose levels in animals fed high-fat diet (n ϭ 8) or high-fat diet treated with 50 mg/kg HB (n ϭ 8) at 6 wk. C: oral glucose tolerance test curves of groups fed high-fat diet or high-fat diet animals receiving the HB treatment. Values are means Ϯ SE. *P Ͻ 0.05 and ***P Ͻ 0.001 when compared with control by 1-way ANOVA followed by Dunnett's post hoc test. **P Ͼ 0.01. signaling pathway in liver and muscle tissues of diet-induced obese mice (Fig. 5) .
HB inhibits cAMP-but not dexamethasone-induced upregulation of PEPCK and G-6-Pase.
Starvation and diabetes cause a two-to threefold increase in gluconeogenic enzyme activity in the liver that is associated with a two-to fourfold increase in PEPCK and G-6-Pase mRNA (1). Glucocorticoids and specifically dexamethasone cause a larger (Յ10-fold) increase in G-6-Pase activity and in the level of its mRNA in cultured hepatoma cells (33) . Changes in cAMP concentration are also directly involved in transcriptional regulation of these genes through several cis-acting sequences present in their promoters (8) . To confirm our observation that HB treatment decreased PEPCK and G-6-Pase mRNA levels in liver tissue of obese animals, a quantitative analysis of the mRNA expression patterns of PEPCK and G-6-Pase in cAMP-stimulated and DexcAMP-induced H4IIE cells was performed to determine whether the effect of HB on glucose production is related to its effect on expression of these genes. Untreated cells were used to measure the basal level of PEPCK and G-6-Pase expression, whereas the ␤-actin gene was chosen as an internal standard since the level of ␤-actin mRNA remained unaffected by the treatments. HB treatment (1 or 10 M for 8 h) achieved weak suppression of glucose production (20%) from Dex-cAMPinduced H4IIE cells in vitro (Fig. 6A) . A similar weak decrease in PEPCK and G-6-Pase mRNA levels (0 -10%) was observed following an induction with a dexamethasone-cAMP mixture (Fig. 6B) ; however, a very strong dose-dependent decrease in target gene expression (Յ70% for PEPCK and 85% for G-6-Pase) was observed in cells induced by cAMP alone (Fig. 6C) . Under the same conditions, insulin at 10 nM decreased glucose production by 50% and PEPCK mRNA expression by 80% and totally suppressed the G-6-Pase mRNA transcript.
Effect of brassinosteroid analogs on glucose production in vitro. Next, we compared bioactivity of HB to that of its natural and synthetic analogs (12) . Among eight compounds tested, only homocastasterone (2) was able to suppress glucose production from Dex-cAMP-induced cells, similar to HB (Fig. 7) . Removal of the 2a-hydroxyl group and fluorination at C-3 in the A ring (compounds 3 and 4) led to an 80% decrease in bioactivity. Replacement of 7-oxalactone group with amine in the B ring of compound 5 reduced biological activity by 90%, whereas a similar replacement of the 6-carbonyl group with amine in 6 resulted in a complete loss of suppression of glucose production. Modifications in the side chain (compounds 7-9) also abolished the activity.
DISCUSSION
Brassinosteroids are present in small quantities in foods and plants (2) . They are similar in many respects to animal steroids ( Fig. 1 ) but appear to function very differently at the cellular level. Whereas animal steroid hormones act through the nuclear receptor family of transcription factors, plant brassinosteroids signal through a cell surface receptor kinase-mediated signal transduction pathway (29, 34) . At the same time, brassinosteroids share some similarities with ecdysteroids that have a wide array of physiological and pharmacological effects in animals and insects (4), including modulation of protein synthesis (14) and carbohydrate metabolism (21) .
Oral administration of HB to obese mice with hyperglycemia lowered blood glucose levels after the acute single-dose treatment (Fig. 2) . This hypoglycemic activity was approxi- Fig. 4 . Hepatic expression of the gluconeogenic enzymes phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G-6-Pase) (A) and activation of liver AMP-acticated protein kinase phosphorylation (AMPK-P; B) in C57BL/6J mice treated with 50 mg/kg HB. PEPCK and G-6-Pase mRNAs were normalized to ␤-actin mRNA. Liver tissue lysates were analyzed by immunoblotting with phospho-and non-phospho-specific AMPK antibodies. Values are means Ϯ SE. *P Ͻ 0.05, 2-tailed t-test vs. control. Fig. 5 . Effect of HB administration on insulin signaling in liver (A) and skeletal muscle (B). Tissue lysates were analyzed by immunoblotting with phosphoand non-phospho-specific antibodies for insulin receptor substrate-1 (IRS-1), phosphatidylinositol 3-kinase (PI3K), Akt1, Akt2, and ␤-actin as loading controls. Four animals were tested from each group, and a representative Western blot is shown. Ctr, control. mately one-half that of the known antidiabetic drug metformin. The principal function of metformin is to reduce hepatic glucose production and to improve peripheral insulin sensitivity, thus ameliorating hyperglycemia (20) . Metformin has been shown to activate AMPK and to inhibit the expression of the hepatic gluconeogenic genes PEPCK and G-6-Pase similarly to insulin (19) . The activation of AMPK improves insulin sensitivity by stimulating glucose uptake and lowering blood glucose, whereas the activity of AMPK is suppressed in disorders associated with insulin resistance (31) . At molecular levels, a complex relationship between the AMPK and insulin-signaling pathways exists. It has been reported that AMPK regulates IRS-1 and Akt/PKB (23), whereas insulin and Akt have negative impacts on AMPK activation in adipocytes (6) .
To test the effect of HB in the in vivo diabetes model, male C57BL/6J mice were fed a HFD and treated daily by oral administration of 50 mg/kg HB for 8 wk following a 10-wk HFD feeding to develop hyperglycemia and insulin resistance (Fig. 3) . At the end of the brassinosteroid supplementation, the body weight of the HB group was not significantly different from that of the controls. Oral gavage technique may induce stress response in mice and thus influence weight gain in chronic feeding studies. This is possibly reflected in the low weight gain in mice in this study (Fig. 3A) , and an alternative method for low-stress drug delivery, i.e., peanut butter pills Values are means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 when compared with control by 1-way ANOVA followed by Dunnett's post hoc test. Fig. 7 . Production of glucose in the H4IIE rat hepatoma cell culture in response to treatment of HB (1), homocastasterone (2) , and other synthetic and natural brassinosteroid analogs (3) (4) (5) (6) (7) (8) (9) . Cells were incubated with 10 M brassinosteroids for 8 h at 37°C. Values are means Ϯ SE. *P Ͻ 0.05 and **P Ͻ 0.01 when compared with control by 1-way ANOVA followed by Dunnett's post hoc test.
(10), may be considered for future chronic studies for obesity or type 2 diabetes in rodents.
No differences in animal feeding behavior or lean/fat body mass composition were noted by DEXA (Table 1) . However, at the end of the treatment HB animals had slightly lower blood glucose and significantly improved glucose tolerance, suggesting that liver or muscle tissue is the primary target for brassinosteroid bioactivity. In the present study, both control and treatment groups of mice were obese and showed clear signs of hyperglycemia and insulin resistance. Liver and skeletal muscle triglyceride levels decreased with HB treatment but did not reach significance (Table 1 ). Therefore, it is possible that healthy animals with physiological activity of the insulinsignaling pathway responded stronger to chronic HB administration (11) . An alternative explanation for this phenomenon would be the innate difference in control of glucose utilization between rodents since the original observation was reported in rats. However, the reduction of blood glucose associated with HB administration to healthy rats was only a trend that did not reach significance, and mean fasting blood glucose values decreased from 5.0 to 4.5-4.8 mM in response to HB treatment (11) .
Previously, we have observed that 20HE, a plant ecdysteroid structurally similar to brassinosteroids, lowered blood glucose in obese mice, whereas it caused a significant decrease in body weight gain and adipose mass. Similarly to HB, 20HE had no effect on food consumption in this model (21) . Taken together, these data suggest that plant brassinosteroids and ecdysteroids have similar effects on glucose metabolism and insulin sensitivity in animals; however, the underlying molecular mechanisms and targets may be different. For example, similarly to 20HE, HB decreased PEPCK and G-6-Pase mRNA levels and induced AMPK phosphorylation in liver and, to a lesser degree, muscle tissues of the treated animals (Fig. 4) . Normally, PEPCK and G-6-Pase gene expression is induced by glucagon (through cAMP), glucocorticoids, and cathecholamines during periods of fasting and in response to stress but is dominantly inhibited by glucose-induced increases in insulin secretion upon feeding. The impaired insulin response in the liver caused by insulin resistance secondary to type 2 diabetes results in a continuous elevated expression of PEPCK and G-6-Pase due to the unopposed action of glucagon. This permits continuous hepatic glucose output, thereby contributing significantly to basal and fasting hyperglycemia and the complications associated with diabetes. Both 20HE (21) and HB decreased glucose production in H4IIE rat hepatoma cell culture; however, HB treatment suppressed only gluconeogenic gene expression induced by cAMP and not the dexamethasone-cAMP combination (Fig. 6) . In this instance, HB acted similar to metformin in regard to inability to repress hormone-induced PEPCK expression (36) .
Previously, we have also described the anabolic effect of HB in muscle tissue of healthy rats that was mediated by Akt activation (11) and synthesis of several brassinosteroid analogs with various ability to induce Akt signaling in L6 rat skeletal muscle cells (12) . In this study, we observed positive effects of HB administration on some components of the insulin-signaling pathway, including an increase in Akt1 and Akt2 phosphorylation in the liver and a significant increase in IRS-1 and Akt1 phosphorylation in the muscle as well as an increase in total PI3K in muscle tissue. Therefore, there is a possibility that HB modulates glucose metabolism by a combined effect on both Akt and AMPK signaling pathways in liver and muscle tissues; however, this hypothesis has not been tested in the present study and needs further clarification. However, it is clear that several structural similarities are required for plant sterols to modulate carbohydrate metabolism in mammals. These include 2a-and 3a-hydroxyl groups at the C-3 position in the A ring, 6-keto group in B ring, and 22a, 23a-hydroxyls in the side chain of the molecule (Fig. 7) . These requirements are very similar to those reported from plants, where (2a, 3a)-and (22a, 23a)-vicinal diol moieties are required for optimum bioactivity (3) . Another interesting observation is that the 6-keto group shared by 20HE, HB, and homocastasterone is preferable for retaining glucose metabolism-modulating activity rather than a 6-keto-7-lactone group present in classical brassinosteroids.
In conclusion, we hypothesize that HB may exert its glucose-lowering effect by repressing glucose production and activating AMPK and Akt signaling in liver and skeletal muscle. Stimulatory effect of HB on glucose metabolism subsequently translates into a whole body insulin-sensitizing effect such as improved oral glucose tolerance.
